
CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 Characterization of synthetic fly ash

4.1.1 Appearance of the melted glass

After the m elting process at 1450 °C for 2 hours, the appearance o f  eight glass  
com p osition s w as observed. It w as found that C lass c  sam ples m elted  hom ogenous. They  
w ere clear g lass w ith blackish brown color with sharp cracks. On the other hand, the 
C lass F sam ples w ere harder to melt. G ood m ixing o f  the raw m aterials and pressing  
them in platinum crucible were required before m elting. T hey had the appearance o f  
black-colored  and clear g lass with high viscosity.

4.1.2 X-ray diffractometer (XRD)

L«| JIIIU.III Il H‘ไ
C4

C3
เ̂ »*'uv* ^ พ » * ,**  ̂A «าพ*'*.^นKHWi

C2

I i t A ^

10 20 30 40 50
2 Theta

60 70



26

4.1 (b) F3

F2

I I

เ ^ ^ 11ฟ่1,jlvt|YvV'v' ^ ^ ^

10 20 30 40 50
2 Theta

60 70

F ig u r e  4.1: X -ray diffractogram o f  synthetic fly  ash (a) C lass c  and (b) C lass F

The m ineralogy o f  the synthetic fly  ash w as observed by an X-ray diffractom eter 
(XRJD). The results are show n in Figure 4 .1 . It can be seen  that these synthetic fly  ashes 
are totally am orphous m aterials because no crystalline phase IS  presented in the 
diffractogram.

4.1.3 X-ray fluorescence spectrometer (XkFf

The bulk chem ical com position  o f  synthetic fly  ash determ ined by an X-ray 
fluorescence (X R F ) spectroscopy is  show n in Table 4 . 1 .  The values are expressed b y  the 
w eight percentage in ox id e form s and norm alized to 1 0 0 % .  The chem ical com positions in 
synthetic f ly  ash are SiC>2 , AIO 3 , Fe2 Û 3 , CaO, N a 2Û , K 20 ,  M gO , and SO 3 . The actual 
com position  is com pared with the m ixed  com position in the Figure 4 . 2 .  It w as found that 
the ratio o f  S i0 2 /A l2 C>3/F e2 0 3  and Ca0 /N a 2 0 +K 2 0  o f  the actual com position  d oes not 
vary m uch from the target com positions.
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T a b le  4.1: Total chem ical com position o f  synthetic fly ash determ ined by an X R f. 
'values are expressed as w eight percentage norm alized to iOCr/o

S a m p le SiOz a i 2o 3 F e2๐ 3 M gO ร ๐ 3 C aO N a zO k 20
C l ZÜ.วน 12.90 6.13 1.31 0.56 14.90 18.02 19.80
C 2 25.70 12.90 5.71 1.40 0.51 27 .80 11.90 13.40
C 3 25.70 13.10 5.34 1.56 0.40 40 .10 7.10 6.54
C 4 30.77 16.53 7.12 1.81 0.29 39 .40 1.99 1.88
C 5 32.20 17.43 7.56 1.90 0.39 4.81 17.13 18.40
F I 39.70 22.30 8.19 1.61 0.44 7.42 10.70 9.55
F2 40 .70 22.60 7.36 1.88 0.43 13.60 6.72 6.50
F3 38.10 21.10 9.47 1.75 0.66 21 .70 4 .24 2.85

S i0 :+A l: 0 ,+ F e ,0 ,

F ig u re  4 .2: Ternary Diagram o f  synthetic fly  ash com position.
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4 .1 .4  P a rtic le  s ize  an a lysis

The particle s ize  o f  synthetic fly ash powder, w hich w as passed  through sieve  
number 20 0 -32 5  m esh (45-75 micron openings), was measured by a particle s ize  analyzer. 
The particle size distributions o f  C lass c  and Class F synthetic ashes are show n in 
Figures 4.3 (a) and 4.3 (b), respectively.

F igu re  4.3: Particle s ize  distribution o f  synthetic fly  ash (a) C lass c  and (b) C lass F.
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From Figures 4 .3 , it w as found that particle s ize  o f  synthetic fly  ash C lass c  

varied from 5 to 300  pm. The majority o f  particle fell in the range o f  50-80  pm . The 
m ean particle size o f  C l ,  C2, C3, C4, and C5 w ere about 50, 50 , 60 , 50 , and 63 pm, 
respectively. The particle size o f  those C lass F w as varied from 3 to 150 pm. The mean 
size o f  F l ,  F2, and F3 w ere 60, 50 , and 45 pm  respectively. The particle size  
distributions o f  C lass c  seem  to be broader than C lass F and that o f  C5 w as very broad 
com paring w ith the others in the sam e series.

4 .1 .5  P orosim eter

The surface area o f  synthetic ash is on e o f  the properties that control the leaching. 
The porosity o f  synthetic fly ash powder, w hich passed  through sieve  number 200-325  
m esh (45 -75  m icron openings), w as measured by the Porosim eter. The data are reported 
in in m2/g  as show n in Table 4.2. It can be seen that the surface area o f  synthetic fly ash 
falls in the range o f  0 .632 -0 .776  m2/g  with the correlation coeffic ien t at 0 .970 19 -0 .99 99 2 .

T a b le  4.2: Surface area o f  synthetic fly  ash determ ined by the porosim eter

S am p le
S u rfa ce  A rea  

(m 2/g)
A v era g e  

su rfa ce  area
S .D .

C l 0.688
C 2 0.734
C 3 0.658 0 .684 0.03
C 4 0.673
C 5 0.668
F I 0.632
F2 0.776 0 .69 0 .076
F3 0.663
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From Table 4 .2 , it w as show n that C2 has the highest surface area o f  0 .734  m 2/g  
for C lass c  and F2 has the highest surface area o f  0 .776  m2/g  for C lass F. Both series had 
low er standard deviation w ithin the series assuring that the surface area w ould not be a 
major factor varying the leaching am ong g lasses. The average surface area and standard 
deviation for C lass c  w as 0 .684  m2/g  and 0 .03 , respectively. In the C lass F series, the 
average surface area w as 0 .69  m2/g  and the standard deviation w as 0 .076 .

4 .1 .6  D en sity

The factors w hich affect the density are the structure, bonding, and com position  
o f  a m aterial including the coo lin g  rate o f  the g lass as w ell. Large atom s, short bond 
lengths, and com pact structures lead to high density values. W hile a g lass w ith a faster 
coo lin g  rate tends to be o f  low er density (M auro, 2000). S ince density relates to the 
com position , it can be used to define the reactivity o f  g lass w hich depends on 
com position . The d ensities o f  g lass sam ples are show n in the fo llow in g  table.

T a b le  4 .3: D en sity  o f  synthetic fly  ash

S a m p le C l C 2 C 3 C 4 C 5 F I F2 F3
D en sity  (g /cm 3) 2.33 2.49 2.38 2.43 2.58 2 .47 2.56 2.63

S .D . 0 .02 0.01 0.01 0.04 0.02 0.01 0.03 0.02
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% Na2 0 +K2 0

F ig u re  4.4: D en sity  o f  synthetic fly  ash at different am ount o f  alkalis

The true particle density (TPD ) o f  real fly  ash can range from 0 .8  to 4 .0  g.cm '3 
(H em m ings and Berry, 1986) and from 2.02 to 2 .59  g.cm '3 for fly  ash in Thailand  
(C om m ittee o f  C ivil Engineering Department, 2000). From  Table 4 .3 , it can be seen  that 
the density o f  synthetic fly  ashes falls within this general range. T hese synthetic fly  ashes 
have a density in range o f  2 .33-2 .63 g.cm '3 and their standard deviation w as in range o f
0 .0 0 1 -0 .0 0 4 . In Figure 4 .4 , it w as found that the density o f  C lass F w as higher than that 
o f  C lass c . W hen considering within C lass F or C lass c  itself, it can be concluded that 
the density o f  synthetic fly ash decreases w ith an increasing alkalis content. The presence  
o f  alkalis tends to create a highly open glass network, w hich  increases the vo lum e o f  
glass and decreases its density (M auro, 2000).
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4 .1 .7  R efra cto m eter

A  refractom eter w as used to determine the refractive index, w hich  is the ratio 
betw een  the sp eed s o f  light in a vacuum per the speed o f  light in a material. A  high 
refractive index indicates a large reduction in the speed o f  light. The refractive index o f  
glass sam ples are show n in the fo llow in g  table.

T ab le  4.4: R efractive index o f  synthetic fly ash

S am p le R efractive  in d ex
C l 1.55±0.02
C2 1.56±0.01
C3 1.58±0.02
C 4 1.53±0.04
C5 1.68±0.03
FI 1.65±0.04
F2 1.62±0.03
F3 1.64±0.02

Xo■ 6ê
<น >
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F ig u re  4 .5: R efractive index o f  synthetic fly ash at different am ounts o f  alkalis
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From Figure 4 .5 , it can be seen that the refractive index values tend to increase as 
the alkalis ions increase. This is because polarizable sp ecies can retard the light through 
the material. W eak bonding and low  network connectiv ity  leads to a larger refractive 
index value as w ell (M auro, 2000). The refractive index o f  g lass is in fluenced not only by 
its chem ical com ponents but also by the coo lin g  process used w hen it w as produced  
(Suzuki et al., 2000).

4.2 Leaching rate of synthetic fly ash

In the SPFT leaching experim ent, eight synthetic fly  ash com positions and three 
interval pH values were used. The sam ples w ere tested for 28 days w ith  two duplicates. 
The concentrations o f  elem ent in the leachate m easured by an ICP are presented in ppm. 
T hese raw data are show n in Appendix A. T hese leaching rates w ere calculated using the 
fo llow in g  formula (M cGrail et al., 2000):

The leaching rate (g.m '2.d'') =  (Ci-Ci,b)q /  (f iS ) .............................(4 .1)

where Ci is the concentration o f  the elem ent i in the effluent (g /L '1); Cy, is the 
average background concentration o f  the elem ent o f  interest (g/L ); q is the flow -th iough  
rate (L/d); fi is the m ass fraction o f  the elem ent in g lass (d im ension less); and ร IS the 
surface area o f  the sam ple (m2). The exam ple for leaching rate calculation is show n in 
A pppendix B.

S ince the SPFT is the leaching test w ith  a continuous flow , the leaching process  
never cease  com pletely  (Barkatt, et al, 1988). H ow ever, m ost corrosion reactions occur 
under the condition o f  a very slow  flow  rate, w hich  m ay eventually  reach a steady state 
and b ecom es saturation condition. D ue to the high p ossib ility  o f  precipitation that could  
be disturbed the system , the M INEQ L+ (V . 4 .5 ) program w as ch osen  to investigate the 
reaction.
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T h is program  a lso  p rov id es the typ e  o f  co m p o n en ts  that c o u ld  o ccu r  d u rin g  the  
le a c h in g  test. T h e con cen tra tion  o f  e le m e n ts  in  the lea ch ate  w a s  o b se r v e d  d a ily . S o m e  
ou tp ut from  th e  M IN E Q L +  program  is  sh o w n  in the A p p e n d ix  c . T h is  report c o m p ile s  
th e  ou tp u t data  o f  C 4  lea ch ate  at a pH  o f  11 .5 . It can b e se e n  that th e y  w e r e  c o n s is te d  o f  
va rio u s sp e c ie s  i.e . co m p o n e n ts , c o m p le x e s , p recip itated  so l id s , and  d is s o lv e d  so lid . M o st  
o f  th em  w er e  so lu b le  sp e c ie s  ex c e p t the H erm atite and C h ry so til w h ic h  p resen t as  
p recip ita ted  so lid . T h ey  are in so lu b le  c o m p o u n d s o f  Fe and  M g , r e sp e c tiv e ly .

T h e  p lo t o f  form atio n s o f  each  e lem en t at d ifferen t p H  is a lso  p resen ted . T h e  total 
lin e  in ea ch  p ictu re sh o w s  the tota l so lu b ility  o f  that sp e c ie s  at d ifferen t p H . It s h o w s  that 
N a  and K w er e  so lu b le  at all pH . B e tw e e n  pH  11.5 to 12, th e  S i c o u ld  fo rm ed  m u ch  o f  
th e  H 3 S i0 4 and so m e  S i(O H 4) and H 2S i 0 42'. W h en  pH  in crea sed  to 1 2 .5 , the fo rm atio n  o f  
H 3S i 0 4 w a s  red u ced  and con v erted  to H 2S i 0 42'. At pH  1 1 .5 , A1 m ig h t b e  in a fo rm  o f  
D ia sp o re  s in c e  it is an in so lu b le  at th is pH . H o w ev er  at h ig h er  p H  o f  1 2 -1 2 .5 , th e  so lu b le  
A l(O H )4'co u ld  b e form ed . For F e  and M g  sp e c ie s , th ey  can  o n ly  b e in g  a so lid  form  at th is  
pH  ran ge. T h u s th e tota l lin e  w a s  a lm ost zero . For C a, it c o u ld  b e  p resen t in a  fo rm  o f  
C a 2+ and C aO H + at th is  pH  range. T h u s, the M in eq +  output s h o w s  that th e  e le m e n ts  o f  
co n cern , S i, A l, N a , K  and  C a, w ere p resen ted  in the so lu b le  form  an d  d id  n ot form  a 
p recip itate . T h u s th e  m easu red  con cen tration  o f  each  e le m e n t  data  can  b e  u se d  to 
com p a re  th e lea ch in g  a m o n g  g la sse s .

T h e  d isso lu tio n  rate o f  the re lea sed  e lem en ts  as a fu n c tio n  o f  t im e  fo r  the  
sy n th e tic  f ly  ash  C la s s  c  is  p resen ted  in th e  fo llo w in g  F igu res.



35

35

7©
X 

าาฮes

OX£
1clG
etèsพJ

'ไ» ©

ๆฮพุ
fijf
iî

4.6 (a) ♦  Si ■  A1
A F e X  M g
X Ca • Na
+ K

เ ร ่! ! ! I H H î  È H I i î ï  ï ï  ï ï  ï ï î î i î

35วO*■ <«
~-ces

ผ๊ั)«
ร
e°
พรุ่รุ่ïï
—

0 5 10 15
Time, day

20 25

♦  Si ■  A14.6 (b) A  F e X  M g
X  Ca • Na
+ K

10 15 20
Time, day

30

. •+ 4.
♦  "■  I * î * t * * * * * * * * * * * î* * * * * * * *
f t X f t x S s i x î x I l i ' x x i i ’ x K i i l f î s l ï

30

35

25

15

5

-5

4.6 (c)
4* 4*.

♦  Si ■  Al A F e  
X  Mg X  Ca «Na 
+ K

ะ!»
. ........................ ....................................
m n m m m m i n i m m m

1 0  20 
Time, day

30

F igu re  4.6: Leaching rates o f  each elem ent as a function o f  tim e from the synthetic fly
a s h C la t ( a )  p H =  11.5, (b) p H =  12, and ( c ) p H =  12.5

^ m w \



36

Figure 4.6 shows the leaching rate of elements as a function of time of Cl at pH
11.5, 12, and 12.5. The order of them on leaching rate were K>Na>Al>Si>Ca>Mg>Fe. 
Their leaching rates started with high value and rapidly decreased during the first five 
days. Then they attained a steady state. This profile is present in leaching rate at pH 11.5 
and 12 but not obvious in leaching rate at pH 12.5. Leaching rate of all elements 
decreased and then became stable. It is also found that the leaching rate of each element 
was strong dependent on pH. The leaching rates during the steady state condition of all 
components increased two folds when the pH changes from 11.5 to 12 and was raised 
another two folds when the pH increased from 12 to 12.5.

In interdiffusion mechanism, the alkali ions, K and Na, in the glass were replaced 
by hydrogen ions from the solution. The remaining silicate formed hydrated silica rich 
layer in the subsurface of the glass. The thickness of hydrated silica layer depends on the 
amount of released alkalis. The initial rate can represent both the diffusion of Na and K 
and the dissolution. The diffusion rate was high since Cl is rich in Na and K. This high 
interdiffusion rate left thick layer of silicate hydrate gel where the released Ca and Mg 
could precipitate in this gel obstructing other species to diffuse out further. As a result, 
the leaching rate dropped significantly.

At low pH of 11.5 and 12, the rate of silica dissolution or gel removal was not 
high; therefore, the precipitate of Ca and Mg phase in this gel could block the diffusion 
resulting high reduction of the leaching rate. Whereas, at high pH of 12.5, the dissolution 
rate of silica in hydrated silicate gel could be much higher than the rate of Ca and Mg 
precipitate, resulting thinner silicate gel. Thus, both the diffusion and the dissolution 
could proceed at the high rate simultaneously and continuously with only small reduction 
in leaching rate at the beginning.
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It has been found by Hench, 1988 that the presence of Ca and A1 greatly reduced 
the thickness of the silica-rich layer, and also reduced the dissolution rate of silica (Hench, 
1988). It has been experimentally recognized that the surface composition has a major 
impact on the durability of glass. The presence of Ca and A1 can form the secondary film 
or dual film cover on the surface of the glass. It can inhibit the Na and K ion exchange 
reaction and restrain the breaking of silica bonding as well. Fe and Mg barely appeared in 
the solution. Their concentrations were below the detection limit because they were likely 
to remain or re-precipitate on the glass surface, but in certain case they formed as colloids 
away from the surface. At pH 11.5-12.5, Fe and Mg were present in the formation of 
Hermatite and Chrysotil as shown by the MINEQL+ program in Appendix c.
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Figure 4.7 shows the leaching rate of elements as a function of time of C2 at pH
11.5, 12, and 12.5. The order of the leaching rates were K>Na>Al>Si>Ca>Mg>Fe. At 
pH 11.5, the leaching rates started at high value and rapidly decreased to steady state. The 
same concept of leaching rate at low pH in Cl can be applied here. However the profiles 
of pH 12 and 12.5 are different. These leaching rates started with the low value. It was 
possibly due to low diffusion of Na and K in this low alkalis glass. The leaching rates 
increased later as dissolution proceeds. After two days for pH 12 and five days for pH
12.5, the leaching rates dropped. The leaching rate of pH 12.5 could proceed at high rate 
at longer time since the glass was attacked by higher hydroxyl ion concentration. The 
leaching rates slightly reduced by the precipitate in the gel and became steady state at 
high rate.

These leaching rates were also strong dependency to pH. The leaching rate of K 
and Na showed a double increase when the pH changed from 11.5 to 12 and three-time 
increase when the pH rose to 12.5. Nevertheless, the leaching rates of the others 
components increased in lower degree than when pH altered from 11.5 to 12.5.
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Figure 4.8 shows the leaching rate of various elements from sample C3 at pH
11.5, 12, and 12.5. The order of the leaching rates were K>Na>Al>Ca>Si>Mg>Fe. 
Similar trend was observed in pH 11.5. The leaching rate started with high value and 
dropped significantly suggesting that the diffusion mechanism was dominant but Ca and 
Mg phase precipitated in the hydrated silicate gel blocked the diffusion mechanism and 
slowed down the diffusion. The dissolution of this phase proceeds very slow due to the 
low pH.

The profile at pH 12 shows two incidents of high leaching rale. The first high 
leaching rate at the beginning cannot be explained at this point. For the second incident, 
since this glass had lowest content of Na and K, thus, its diffusion rate would be very low 
at the beginning. It did not torm a hydrated silicate gel so dissolution could not proceed at 
high rate resulting in the delay for seven day before dissolution could take place. Then it 
continuously proceeds with the same rate.

Interesting result was found at pH 12.5. Similar to the C2 result at pH 12.5 that 
the diffusion and the dissolution precede at high rate simultaneously. However the 
leaching rate slowly dropped to almost zero for all species. This could be due to the large 
formation of Ca or A1 phase in the subsurface layer in this rich calcium glass. The 
evidence of these phases could be observed in future research. The leaching rate 
increased a bit when the pH changed.
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The leaching rate of synthetic fly ash C4 at different pH values is shown in the 
Figure 4.9. The order of the leaching rate was similar to other glasses. The leaching rates 
of K and Na started at high value at beginning and dropped out sharply at later age as a 
result of precipitate obstruction. When comparing with other components in the same 
series, the leaching rates of K and Na was much higher. The pH value had a significant 
effect on the leaching rate of K and Na but it had a small effect on the other components. 
In Cl, C2, and C3, other elements could diffuse out in somewhat amount. However the 
elements in C4 could not dissolve out even at high pH. It might be due to its strong 
bonding of silicate aluminate species forming from high the Al/Si ratio. As shown in 
Table 4-6, the Al/Si ratio of sample C4 and C5 was higher than the others in the same 
series. Therefore, dissolution of this strong silicate in hydrated gel hardly occurred. On 
the other hand, the diffusion might form a hydrated silicate gel inside but it was so strong 
that hydroxyl ion could not break the bond. As a result, the other elements still remained 
in the glass and only the diffusion of Na and K proceeded. The strong bonding was 
expected since this glass contained very low percentage of network breaker or Na and K.
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The leaching rate of each element of sample C5 at pH 11.5, 12, and 12.5 are 
exhibited in Figure 4.10. The order of the leaching rate was the same as other samples 
where K> Na >A1> Si>Ca>Mg>Fe. The leaching rate of Na and K proceeded to the 
maximum at the first three days and rapidly declined to constant value. The others seem 
to be stable with time. It had a small effect on the leaching rate when the pH changed 
from 11.5 to 12. However it was more significant at a pH of 12.5; the leaching rate was 
double increased. Its leaching profile could be compared to that of C4 to investigate the 
effect of alkalis content as they both had the same Al/Si but different in the alkalis 
content. These two glasses had the same leaching profiles but there were higher leaching 
rate of the other components in C5. This could be due to the high Na and K in C5. 
Although it had a high Al/Si but it was composed of a very high alkalis content that its 
silicate structure became weak. Thus its silicate bonding in hydrated silicate gel was 
prone to attack by hydroxyl ion more. As a result, the dissolution of hydrated silicate gel 
proceeded at greater rate allowing the other elements to diffuse out of the glass.

The leaching rate at steady state is used in comparison among glasses as the 
obstruction by phases in subsurface layer already took place. A comparison these steady 
state leaching rates within Class c  series found that the leaching rate order of Si was 
C4<C3<C2<C1 <C5. This followed the order of Na and K content in their glasses. Thus, 
it agreed with Barkatt’s paper that the dissolution rate of glass in aqueous media was 
highly dependent on the presence of components that raise silica solubility (i.e. Na, K) or 
inhibit it (i.e. Ca, Al) (Barkatt et al., 1988).

The dissolution rate of the released elements as a function of time for the 
synthetic fly ash Class F is presented in the following Figures.
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Figure 4.11 shows the leaching rate of sample FI at pH 11.5, 12, and 12.5. The 
order of the leaching rate was K>Na>Al>Si>Ca>Mg>Fe. At pH 11.5, the leaching rate of 
each element fluctuated with time. Just as in Class c , the leaching rates of FI at pH 12 
and 12.5 started with low value, increased and reached a maximum value. Then fell off to 
a lower constant value. The leaching rate increased as the pH of solution increased. The 
leaching characteristic of FI followed the same trend as that of Cl but with much lower 
degree. The leaching rate dropped at early time suggesting the obstruction by precipitate 
phase occurred very early. It also showed that the silicate or aluminate bonding might be 
very strong that the hydroxyl ion could not attack and removed the gel for diffusion to 
proceed at high rate further. This glass was considered the richest Na and K content in the 
F series.
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Figure 4.12: Leaching rates of each element as a function of time from the synthetic fly 
ash F2 at (a) pH = 11.5, <๖) pH= 12, and (c) pH = 12.5

Figure 4.12 shows the leaching rate of sample F2 as a function of time at different 
pH. The order of the leaching rates were K>Na>Al>Ca>Si>Mg>Fe at pH 11.5 and pH 12, 
but at pH 12.5 the released Si was higher than Ca. As expected, F2 had the same leaching 
profile as FI with the lower leaching rate of elements. This was a result of its low Na and 
K content that rendered the stronger structure.
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The leaching rate of sample F3 at different pH values is shown in Figure 4.13. 
The order of the leaching rates were K> Na >A1> Ca>Si>Mg>Fe at pH 11.5 and 12, but 
at pH 12.5 the leaching rate of A1 was higher than the leaching rate of Na. The pH had a 
small effect on leaching rate of this sample. Only the leaching rate of K increased to 
about 0.001 gm'2d ' when pH increased from 11.5 to 12 and increased to another 0.001 
gm'2d'] when the pH increased to 12.5. This might be because tire structure of F3 was so 
strong. Although the pH was very high, the network could not be broken down. By 
comparing the steady state leaching rate within Class F series found that the order of the 
leaching rates of Si was F3<F2<F1. Their leaching rate was also in the same order as 
their alkalis content. Thus, the leaching rate of this series was depended on the alkali 
contents.

With regard to the effect of Al/Si ratio, the formation of Al-Si as an 
aluminosilicate structure in glass seems to be more stable than the pure Si structure (Mills,
1993). Moreover the Al3+ cation can form a tetrahedral which enhances the overall 
polymerization of glass. The addition of A1 in glass decreases both the ion exchange and 
matrix dissolution rates. Although silica is a network former and serves as a good 
measure for determining the dissolution rates of glass, it has been shown that Al/Si ratio 
serves as a measure to explain the dissolution rate more effectively (Mills, 1993). The 
glass with higher Al/Si ratios tends to have stronger structures. From the Figure 4.6, 
Class F had more Al/Si ratio content than Class c , thus, it had higher leaching rate than 
Class c.
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4.3 Effect of pH on leaching rate of synthetic fly ash

The effect of pH on the leaching rate is shown in Figure 4.13 for both Class c  and 
Class F. The leaching rate for silica is used to represent the leaching rate of each sample. 
This is because silica is the main structure and connection in the glass network. Moreover 
silica was not found to form as a precipitate in the leachate solution. Thus it is the best 
measure for the comparison of leaching rate among glasses.

0

' ร ุ
OX)}

1

11 11.5 12 12.5 13
pH

Figure 4.14: Leaching rate of Si at different pH for (a) Class c  and (b) Class F.
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It is found that the leaching rate of Class c  increases with higher pH. On the other 
hand, the leaching rate of Class F does not vary much with the pH. This might be because 
the structure of Class F glass is very strong so the high concentration of hydroxide ion at 
high pH cannot attack its strong structure.

For general glass the single most controlling environmental factor determining 
whether the predominant mechanism will be ion exchange or etching (congruent) 
dissolution is the pH of the contact solution. Etching or dissolution dominates in the 
alkalis regime, increasing dramatically as pH rises (Adams, 1988). The leaching result 
from this study agrees with this concept. The result shows the important of dissolution at 
high pH in enhancing the overall leaching rate. It also shows that the diffusion and 
dissolution occurs simultaneously.

4.4 Kinetic approach of synthetic fly ash

The normalized mass loss of Si as a function of time is plotted in the following 
figures to determine the kinetic characteristic for the leaching. Moreover the graphs were 
fitted with diffusion and dissolution equation to find the coefficients of diffusion and 
dissolution, which are kl and k2 respectively. The data were fit the entire curve with 
single equation, F = kjt1/2 +k2t, because both the diffusion and dissolution mechanisms 
could proceed simultaneously. The program Origin was used to fit the curve using this 
defined equation. The coefficient, kl and k2, of the overall sample are shown in the Table
4-5
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Time (day)

Time (day)

F igu re  4 .15: N orm alized m ass loss o f  silica  as a function o f  time at pH  11.5 for
(a) C lass c  (b) C lass F
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Figures 4.15 (a) and 4.15 (b) show the normalized mass loss of Si with time at pH
11.5 for Class c  and Class F, respectively. They are not zero-order as observed visually. 
At the beginning, the leaching proceeds at a little faster rate, and then it slightly slows 
down with time. This is evidence that both diffusion and dissolution take place. The 
mechanism at the beginning period proceeds with the diffusion mechanism, which is the 
process where alkalis ions in the glass exchange with the hydronium ions in the solution. 
After the glass lost some amount of alkalis, the silicate bonding was broken down by a 
dissolution mechanism. This process was clearly shown at a later period in the 
normalized mass loss graphs of Class c  and Class F at pH 11.5 by the nearly straight line 
for all samples except C4. The dissolution mechanism was dominant in these glass with 
the exception ofC4.

This conclusion is confirmed by their coefficient value in Table 4-5. For the Class 
c  series, the value of k) was slightly different from k2; but for C4, the value of k] was 
significantly higher than k2. The C4 had a lower k2 than the others because its structure 
was very strong. So its silicate bonding did not breakdown at a high rate. In the Class F 
series, k) for all of them was lower than k2. This might be because the diffusion reaction 
occurred on the glass surface only and did not go deep into the bulk glass region.
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Figure 4.16(a) and 4.16(b) show the normalized mass loss of Si with time at pH 
12 for Class c  and Class F, respectively where a similar trend as in pH 11.5 was observed. 
Most plots have nearly straight lines, with the exception of C4. The increase in the pH of 
the solution reduced the diffusion coefficient of C4 but it increased in the Class F 
samples as presented in Table 4-5. Thus it can be noticed that the plot of Class F is 
slightly curved at the beginning.
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Figure 4.17(a) and 4.17(b) express the normalized mass loss over time of 
synthetic fly ash at pH 12.5 for Class c  and Class F, respectively. They have the same 
trend as the iower pH batches but the curvature of iine is more noticeable. With regard to 
the coefficient value in Table 4-5, it is shown that both diffusion and dissolution 
proceeded at the same rate for ฟ} samples, except C4. This might be because C4 has a 
very strong structure. Aithougn aikaiis diffuse out easily, the networks cannot be broken 
down.

Table 4-5: Diffusion and dissolution coefficient

Sample pH11.5 pH12 pH12.5
k, k2 k, k2 ki k2

FI 0.0080 0.0348 0.0191 0.0319 0.0379 0.0282
F2 0.0076 0.0346. 0.0372 0.0289 0.0274 0.0306
F3 0.0000 0.0352 0.0392 0.0281 0.0000 0.0351
Cl 0.0213 0.0315 0.0626 0.0241 0.0259 0.0311
C2 0.0343 0.0289 0.0264 0.0308 0.0278 0.0308
C3 0.0177 0.0324 0.0291 0.0294 0.0400 0.0276
C4 0.0999 0.0159 0.0892 0.0189 0.1377 0.0097
C5 0.0359 0.0289 0.0378 0.0287 0.0266 0.0307
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4.5 The relationship between the density and leaching rate of synthetic %  ash

X
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Figure 4.18: The relationship between the density and leaching rate of Si of
(a) Class c  and (b) Class F.
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Since density relates to the com position , it might be used as a rough indicator to 
determ ine the durability o f  synthetic fly  ash. A s show n in Figure 4 .18 , when the density 
o f  the synthetic ash increases, the leaching rate tends to decreases for C lass F. This is 
because the density o f  g lass increases with decreasing alkalis content as show n in Figure
4.4 . G lass w ith low er alkalis content tends to have low  the leaching rate. Thus synthetic 
ash with a high density value should have strong structure and low  leaching rate. On the 
other hand, synthetic fly ash with low  density tends to have a lot o f  openings in its 
structure and tends to be a good pozzolan. H ow ever the density cannot be used as 
indicator for C lass c. It might be because not on ly density but also other factors varying 
in C lass c  m ight affect the leaching rate.

4.6 Effect of Na20+K20  on the leaching rate of synthetic fly ash

From the leaching rate section, it can be seen that the alkalis content has a major 
effect on the m echanism  and surface reaction o f  synthetic fly  ash. So it is important to 
investigate its effect on the dissolution rate thoroughly. The total alkalis content o f  each 
sam ple is show n in Table 4.6 and their correlation on the leaching rate is seen in Figure 
4 .19 .

Table 4-6: Significant oxide ratio

Glass Na20+K20  
(weight %)

CaO+MgO 
(weight %)

Ca0/Na20+K20  
(weight %)

NBO/T
(molar)

Cl 37.84 16.22 0.39 1.654
C2 25.47 29.4 1.10 1.87
C3 13.66 41 .73 2.94 2.068
C4 3.87 41.21 10.18 1.284
C5 35.53 6.71 0 .14 0 .796
FI 20.27 9.04 0.37 0.295
F2 13.24 15.51 1.03 0.329
F3 7.1 23 .48 3 .06 0.452
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Figure 4.19: E ffect o f  N a2Û +K 20 on the leaching rate for (a) C lass c  and (b) C lass F.

A s expected , the leaching rate o f  silicate g lass increases dramatically with  
increasing alkalis content. The straight slope in leaching rate o f  low  pH suggests that the 
diffusion m echanism  is dom inant and dissolution m echanism  hardly proceeds. The steep  
slope o f  leaching rate at high pH  suggests that d issolution m echanism  is taking place at 
greater rate. It enhances the leaching rate significantly. The steep slope is more obvious  
in C lass c  than in C lass F fly  ash. It can be explained that the C lass F has stronger 
structure that can withstand the OH' attack.
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4.7 Effect of alkalis and alkaline earth on leaching rate of Si in synthetic fly asn

To study the effect o f  alkalis and alkaline earth on the leaching rate, their total 
percentage is plotted with the leaching rate o f  Si as show n in Figure 4 .20. The total 
alkalis and alkaline earth content o f  each sam ple w as show n in Table 4.6

o

E
d>
'นุto
๐)

I

Figure 4.20: Effect o f  total alkalis and alkaline earth on the leaching rate o f  Si for
(a) C lass c  and (b) C lass F.
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A s seen  in Figure 4 .19 , there is strong correlation betw een  the alkalis content and 
the leaching rate. H ow ever, w hen w e  included alkaline earth content, M gO  and CaO , in a 
parameter, there is no correlation betw een them as show n in Figure 4 .20. This could  be 
because the alkaline earth, Ca and M g, inhibit the leaching rate o f  synthetic fly  ash. It 
supports the reason that the presence o f  Ca can decrease the thickness o f  the silica-rich  
layer film s, and decrease the dissolution rate o f  silica. It can also form the secondary film  
or dual film  cover on the surface o f  glass (H ench, 1988). Another alkaline earth, M g, is 
known to reduce silica solubility. It can be highly insoluble on the negatively charged 
silicate surface (Barkatt, 1988).

4.8 Effect of CaÜnNa20-t-K20  on teaching rate of synthetic fly ash

The effect o f  C a 0 /N a 2 0 + K 20  ratio is used to investigate the effect o f  alkalis and 
alkaline cations ratio. This is by assum ing that N a20 + K 20  is a sum o f  network m odifier 
and CaO is inhibitor. Another reason for this it is in a norm alized com position. Thus, a 
relative ratio should be used to avoid  the constant sum constrain where the concentration  
cannot vary independently. T hese tw o types o f  ox id es affect the rate o f  the reactive 
com ponents, w hich  are Si and A l, enter into the hydration reaction. The C a 0 /N a 20 + K 20  
ratio o f  each sam ple is shown in Table 4 .6  and the effect o f  the ratio on the leaching rate 
is show n in the fo llow ing figures.
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Figure 4.21: The Effect o f  C a 0 /N a 2 0 + K 20  ratio on the leaching rate o f  Si for
(a) C lass c  and (b) C lass F.
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From the above Figure, it can be seen that the leaching rate o f  Si in synthetic fly  
ash decreases when the C a 0 /N a 2 0 + K 20  ratio increase. The drastic reduction is seen up 
to the ratio o f  tw o in C lass c. W hile in C lass F, the reduction is less pronounced. The 
negative effect o f  the high ratio on the leaching rate can be due to either the effect o f  the 
high CaO content or low  total alkali and alkaline earth content or both. The glass w ith  
high ratio could m ean low  leaching rate since it has high CaO and low  network m odifier. 
A s stated earlier, high CaO indicates high possib ility  o f  leaching obstruction by calcium  
phase in subsurface layer. It has been reported that the addition o f  Ca2+ leads to high 
concentrations o f  more depolym erised units (M ills, 1993). It can also participate in the 
form ation o f  a metal silicate com pound that form s a protective layer on the glass surface 
(A dam , 1998). L ow  network breaker can indicate the strong network structure and less  
diffusion to form hydrated silicate gel. Therefore, it can be concluded that the 
C a 0 /N a 20 + K 20  ratio can be used to estim ate the leachability o f  fly ash.

4.9 Effect of NBO/T ratio on the leaching rate

The N B O /T  ratio, the number o f  non-bridging oxygen  per tetrahedraiiy- 
coordinated atom, is used to represent the degree o f  depolym erization o f  the melt. The 
N B O /T  w as calculated by the fo llow in g  form ula (M ills, 1993):

N B O /T  = 7NB/xT

Tnb = ร  2 [ x(C aO )+  x(M gO )+ x(F eO )+  x(M nO )+ x (N a20 ) +  x (K 20 ) ]  +  
[6 (1 -0  x (F e20 3)] - 2[ x(A 120 3)] -  2 f  [ x(F e20 3)]

XT =  I  x ( S i0 2)+ 2x(A l20 3) + 2fr(F e20 3)+x (T i0 2)+2x(P20 s )

f  =  Fe3+(IV )/(F e3+(IV )+ F e3+(VT))

Where NBO is non-bridging oxygen, T is the amount of tetrahedrally-coordinated atoms,
X  is the mole fraction. The NBO/T of each sample is shown in Table 4.6 and the example
for NBO/T calculation is shown in Appendix D.
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F igu re  4 .22: The effect o f  N B O /T  on the leaching rate o f  Si (a) C lass c  and (b) C lass F.
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The N B O /T  has been used to determine the durability o f  g lass as high N B O  
content can define discontinuity o f  glasses. It is associated with both network substitution  
and the depolym erization  o f  netw orks by m odifier ions (H em m ing and Berry, 1988). 
A lso , the increase o f  N B O  leads to an increase in the Na ion-exchange rate (M cGrail,
2001). Therefore, g lass w ith a high N B O /T  ratio tends to have low  connectivity , weak  
structure, and is easy  to d isso lve  in the solution. H ow ever, from Figure 4 .22 , it can be 
seen that there is no correlation betw een  N B O /T and leaching rate. This confirm s that the 
reachability o f  g lass is not function o f  silicate bonding only. But it is a lso  a function o f  
the obstruction by the hydrated silicate gel and Ca and M g phase.

4.10 Ternary Diagram

A  ternary diagram is used as a tool to determine the leaching rate o f  Si from 
different chem ical com positions o f  synthetic fly  ash. It is plotted in g lass coordinate with  
the axes: S i0 2 + A l2 0 3 + F e 2 C>3 , N a2Ü +K 20, and CaO, w hich are known as g lass, network 
form ers, netw ork m odifiers, and intermediates, respectively. It might be used as primary 
criteria to a ssess  the reactivity o f  real fly  ash. The leaching rate is show n as the contour 
line. H ow ever the value on the graph is com position o f  glassy phase. To determ ine the 
leaching characteristic o f  real fly  ash, the percentage o f  g lassy phase present in the fly  ash 
is required. Then use the rule o f  three in arithmetic to calculate the actual leaching rate.
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OaO Na:0 + K :0

SiOj+AliOj+FfjOj

4.23 (b)

CaO Na,0+K:0
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SiO:+AI,Oj+Fe,Oj

F igu re 4.23: Ternary diagram o f  leaching rate (a) pH 11.5, (b) pH 12, and (c) pH  12.5

I he ternary diagram o f  ieacning rate o f  different pH is show n in the Figure 4 .23 . 
This is a useful m ethod to compare am ong four parameters, network former, network  
m odifier, and intermediate or inhibitor as w e assumed. The leaching rate is used  as a 
measure o f  reactivity since it is the real amount o f  silica d issolved  to the solution at that 
pH. H ow ever, it needs to be converted to a more com m on parameter to be used  in 
practice. In this study, it is used to investigate the correlation o f  relative leaching rate 
with glass network. It can be seen  that at high pH o f  12 and 12.5 or at cem ent pore 
solution, the ieachm g rate is high toward high Na and K content. CaO has no e ffec t w hen  
it presents in less than 0.12 but has negative effect when it presents in m ore than 0 .12. 
Network former ( S i 0 2, AI2 O 3 , and F e2C>3) has almost no effect when they are less than
0.65, but has negative effect w hen they are more than 0.65, w hich is an area o f  C lass F 
glass.
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